Peripheral nerve regeneration can be enhanced by the stimulation of formation of bands of Büngner prior to implantation. Aligned electrospun poly(ε-caprolactone) (PCL) fibers were fabricated to test their potential to provide contact guidance to human Schwann cells. After 7 days of culture, cell cytoskeleton and nuclei were observed to align and elongate along the fiber axes, emulating the structure of bands of Büngner. Microarray analysis revealed a general down-regulation in expression of neurotrophin and neurotrophic receptors in aligned cells as compared to cells seeded on twodimensional PCL film. Real-time-PCR analyses confirmed the up-regulation of early myelination marker, MAG, and the down-regulation of NCAM-1, a marker of immature Schwann cells. Similar gene expression changes were also observed on cells cultured on randomly-oriented PCL electrospun fibers. However, up-regulation of the myelin-specific gene, P0, was observed only on aligned electrospun fibers, suggesting the propensity of aligned fibers in promoting Schwann cell maturation.
INTRODUCTION
Electrospinning is a versatile technique of producing micro-and nano-fibrous scaffolds. Its popularity in tissue engineering has increased dramatically over recent years [1] . With the possibility of generating fibers in the nanoscale and the resulting scaffolds with organized ** This work is supported by NIH (EB003447) and the Nanyang Technological University Overseas Scholarship. *Corresponding author: E-mail: kam.leong@duke.edu.
architecture, electrospun fibrous meshes may mimic the extracellular matrix (ECM). Such scaffolds hold the promise to provide the topographic cues to the seeded cells and may potentially enhance tissue regeneration. A few studies have shown that aligned electrospun scaffolds are able to provide contact guidance to cultured cells, resulting in an elongation and alignment of cells along the axes of the fibers [2] [3] [4] . The majority of the studies revolve around the evaluation of cell morphological changes, whilst some assess the preservation of cell phenotype via gene or protein expression analysis [5, 6] . Quantitative evaluation of changes in cellular function under the influence of topographic cues provided by electrospun fibers is still limited [3, 7, 8] .
The potential of electrospun fibrous scaffolds in enhancing nerve regeneration was demonstrated previously [9] . Electrospun fibers can encapsulate bioactive drugs and proteins [10] [11] [12] and may be used as tissue scaffolds for direct in vivo applications [9] . Inclusion of aligned electrospun fibers in a nerve conduit could enhance sciatic nerve regeneration over a 15 mm critical size defect in rats after 3 months post-implantation [8] . While tissue regeneration is clearly observed in the presence of aligned electrospun fibers, the possible mechanism behind the enhanced nerve regeneration remains unclear. Since Schwann cells play a crucial role in nerve regeneration and are likely to be in close contact with the aligned electrospun fibers, it would be informative to understand the functional changes in Schwann cells with respect to the contact guidance offered by the aligned fibers. This understanding may also serve as a good starting point for future analyses involving the use of topographical cues to accelerate the formation of bands of Bünger to enhance nerve regeneration.
In this study, human Schwann cells (hSCs) were cultured on electrospun poly(ε-caprolactone) (PCL) fibers for a period of 7 days. The morphological and gene expression changes in the cells under the influence of topographic cues from the electrospun fibers were evaluated.
MATERIALS AND METHODS

Scaffold Fabrication
PCL films were fabricated by compression molding, subjecting 0.5 g of PCL polymer (M w : 60,000; Sigma-Aldrich Corporation) to a uniaxial compression load of 8 × 10 3 kg for 2 minutes at 65°C. A mixture of organic solvents comprising dichloromethane and methanol (SigmaAldrich Corporation) at a volume ratio of 8:2 was used to dissolve PCL. In order to obtain aligned PCL fibers, a solution of 16 wt% of PCL was dispensed at a flow rate of 4 ml/h and electrospun under a voltage of 7 kV. The PCL fibers were collected on a PCL film mounted on a grounded target rotating at ~2200 rpm. For scaffolds comprising randomly oriented PCL fibers, 14 wt% of PCL was dispensed at 3 ml/h under a voltage of 7 kV and collected on a grounded rotating PCL film (~200rpm). The polymer supply-to-target distance was set at 5 cm in both cases.
Scaffold Structure Evaluation
All scaffolds were sputter-coated with ~2.5 -3 nm in thickness of chromium (Denton Vacuum, DV-502A), prior to observation under the scanning electron microscope (Leo Field Emission SEM, Leo 1530) at an accelerating voltage of 1kV. The average diameters of the electrospun fibers were determined by measuring at least 130 fibers using ImageJ 1.30v (National Institutes of Health, USA).
Human Schwann Cell Isolation
Primary human Schwann cells were isolated from the sciatic nerves of human fetuses therapeutically aborted within the first trimester. The partial nervous system tissues were obtained from de-identified aborted fetuses with local IRB (Institutional Review Board) approval. The Schwann cells were then purified by a modified Brockes method [13, 14] . Briefly, the dissected nerves were incubated in Hanks Plus (HBSS, 10 mM HEPES, 33.3 mM glucose and 5 μg/ml gentamicin) (Invitrogen Corporation) and collagenase solution for 45 min at 37°C
. Thereafter, the collagenase mixture was aspirated and the nerves were digested in a mixture of 0.25% Trypsin and 1 ml of DNase by incubating at 37°C for 15 min. Fetal bovine serum (heat inactivated) was then added to end the digestion process and the nerves were washed in ice-cold dissection media (Hanks Plus, 0.3% bovine serum albumin (BSA), 12 mM MgSO 4 ) twice. Following that, the tissue was gently dissociated through a plastic pipette tip. The solution was then filtered and the cells obtained were resuspended and plated onto tissue culture dish in Schwann cell medium (ScienCell Research Laboratories) for 24 h. On the second day, half of the volume of Schwann cell medium was aspirated and replaced with an equal volume of fresh medium along with Ara-C (10 μM) (Sigma). The concentration of Ara-C was decreased by half on the third day by aspirating half the volume of medium and replacing it with an equal volume of fresh medium. By the fourth day, the hSCs were washed with phosphate buffered saline (PBS, pH 7.4) warmed to 37°C for three times prior to adding fresh Schwann cell medium. Culturing of hSCs continued until the cell number was sufficient for seeding onto the PCL scaffolds. The medium was changed every 3 days, and half the volume of medium was exchanged with fresh medium each time. According to previous experiments, following this protocol, the purity of GFAP-expressing Schwann cells harvested is more than 97% after 2-3 weeks in culture.
Human Schwann Cell Culture
Human Schwann cells (P3) were cultured in three experimental groups comprising of PCL film (F), PCL film with aligned PCL fibers (A) and PCL film with randomly-oriented PCL fibers (R). Cells seeded on the PCL film were treated as the control group. The PCL scaffolds were cut to fit into the wells of a 12-well plate. The scaffolds were then sterilized by soaking in 70% ethanol for 30 min followed by exposure to ultra-violet radiation for another 30 min. The scaffolds were then rinsed with PBS three times prior to seeding the hSCs. The cell seeding density was 2 × 10 5 cells per scaffold. Each well was filled with 3 ml of Schwann cell medium. The medium was changed every 2 days by replacing half the original volume with an equal volume of fresh medium.
Morphological Evaluation
PCL samples were retrieved at days 3 and 7 and fixed in 4% paraformaldehyde. In staining for actin cytoskeleton, the cells were permeabilized in 0.05% Triton-X and 50 mM glycine in PBS for 20 min. The samples were then incubated in Oregon Green phalloidin (Molecular Probes) (1:500 dilution) and DAPI (Molecular Probes) (1:5000 dilution) for 30 min. The samples were washed three times in PBS between each step and incubation was carried out at room temperature.
For glial fibrillary acidic protein (GFAP) immunostaining, the samples were permeabilized in 0.2% Triton-X in PBS for 30 min and then blocked overnight at 4°C with 5% horse serum. Following that, the samples were incubated in a 1:200 dilution of GFAP mouse anti-human primary antibody (Dako) for 1 h, and thereafter, a mixture of fluorescein horse anti-mouse secondary antibody (Molecular Probes) (1:500 dilution) and DAPI (1:3000) for 2 h. All incubation steps, except overnight incubation, were carried out at room temperature. The samples were rinsed three times in PBS between each step. All samples were imaged on a Perkin Elmer UltraVIEW spinning disk confocal microscope.
Microarray Analysis
On Day 7, the hSCs on PCL scaffolds were lysed and the total RNA for each experimental group was extracted using Trizol reagent (Invitrogen Corporation) according to manufacturer's protocol. The extracted total RNA was reconstituted in a mixture of DEPC water and RNase inhibitor (Roche Molecular Biochemical) (1:20 dilution). For each experimental group, the extracted RNA from 10 scaffolds was pooled to enhance the quantity of RNA available for microarray and subsequent real-time PCR analyses. The quality and quantity of the extracted RNA were evaluated using UV-spectrophotometry (SmartSpec Plus Spectrophotometer, Biorad Laboratories) and gel electrophoresis. For each experimental group, the concentration of total RNA was greater than 60ng/μl, the A 260 : A 280 ratio was above 1.8 and distinct bands for 18S and 28S ribosomal RNA were observed. The RNA was labeled using the AmpoLabeling-LPR kit (SuperArray Bioscience Corporation) and hybridized onto the GEArray Q series human neurotrophin and receptors gene array (HS-018, SuperArray). For each experimental group, two microarrays were used. The arrays were detected using the Chemiluminescent Detection kit (SuperArray). The labeling of RNA, RNA hybridization and detection of the microarrays were carried out according to manufacturer's protocols.
Fluorescence intensities of the microarrays were captured using x-ray films (Kodak) and a desktop scanner. Expression data were analyzed using GEArray Expression Analysis Suite (SuperArray) with β-actin as the housekeeping gene, and the gene expression of cells cultured on PCL film as the control for normalization. The analysis software computed the relative intensity ratios between samples using SuperArray's proprietary calculation algorithm. The program also analyzed the signal intensities of each gene spot on the microarrays. Only signals with intensity within the detection range were analyzed; and among which only results corresponding to gene expression changes that were either two times greater or two times lower than the control data were accepted.
Real-time PCR Analyses
To validate the microarray results, real-time PCR analyses were conducted for a set of 6 selected genes as shown in Table 1 . The exact sequences of the primers (Integrated DNA Technologies and SuperArray Bioscience Corporation) are also listed in the table. Table 2 shows the list of myelin-specific genes and immature Schwann cell marker, NCAM-1. This list of genes was not found on the microarray, but was a separate group of genes chosen to evaluate the maturation of Schwann cells. The same total RNA used for microarray analysis was reverse-transcripted into single-stranded cDNA using the Sensiscript ® RT kit (Qiagen) following manufacturer's protocol. A total sample volume of 50μl, which comprised of 25μl of SYBR Green mastermix (Applied Biosystems); 1.5μl of forward primer (10μM); 1.5μl of reverse primer (10μM); 1μl of cDNA; and 21μl of DEPC water, was used for the real-time PCR experiments. Each unknown sample was tested in triplicates and non-template controls were analyzed in duplicates. Real-time PCR analyses were carried out using Applied Biosystems 7300 Real-Time PCR System, with the following thermal cycle conditions: 50°C for 2min; 95°C for 10min; and 40 repeated cycles of 95°C for 15sec followed by 60°C for 1min. At the end of the program, a melting curve analysis was done and the PCR products were also analyzed using gel electrophoresis to ensure the absence of primer dimmers and nonspecific PCR product amplification. β-actin was used as the housekeeping gene for the normalization of the gene expression data. Gene expressions of cells cultured on PCL film were used as the control. The replication efficiencies of the genes of interest and the housekeeping gene were verified as similar. Therefore, the comparison Ct (ΔΔCt) method was adopted for gene expression analyses.
Statistical Analysis
All results shown are expressed as mean ± standard error of mean (SE). Student t-test was used for the analysis of real-time PCR gene expression data. Figure 1 shows the SEM micrographs of PCL scaffolds. The surface of the PCL film sample was generally smooth as compared to the electrospun scaffolds. The average fiber diameters of aligned and randomly-oriented PCL fibers were φ = (1.03 ± 0.03) μm and φ = (2.26 ± 0.08) μm respectively.
RESULTS
Scaffold and Cell Morphology Characterization
The difference in hSC morphologies when cultured on different PCL scaffolds is shown in Figure 2 . On smooth PCL films, the cell actin cytoskeleton appeared more spread-out than cells cultured on electrospun fibers. Cell orientation was also haphazard on the films as well as on the randomly-oriented fibers. However, hSCs responded to the topographic cues from the randomly-oriented fibers by stretching the cell cytoskeleton across multiple fibers ( Figure  2d ). The effect of contact guidance provided by the aligned fibers appeared to be more dramatic than the randomly-oriented fibers. When cultured on aligned fibers, the cytoskeleton and nuclei aligned and elongated on the fiber axes. Such cellular alignment is very similar to that observed with other cell types such as human fibroblasts and Schwann cells in other studies [2, 4] .
After 7 days of culture, hSCs continued to stain positively for GFAP as depicted in Figure 3 . The cells appeared to respond to the contact guidance provided by the randomly-oriented and aligned electrospun fibers by aligning and elongating along the fibers as shown in Figures 3d (dashed circle) and 3e respectively. Table 3 shows the gene expression changes of hSCs cultured on PCL scaffolds, with the results being normalized with respect to the PCL film sample. (A) and (R) identifies the gene expression of cells cultured on aligned PCL fibers and randomly-oriented PCL fibers respectively. A general decrease in expression of neurotrophin and neurotrophic receptors was observed. Figure 4 shows the percentage of genes that were significantly up-or down-regulated in the microarray analyses. A total of 101 genes were analyzed using the focused microarray.
Microarray and Real-time PCR Analyses
Real-time PCR shows similar trends in gene expression changes ( Figure 5.) as the microarray analysis. Down-regulation of pleiotrophin (PTN), Interleukin 6 (IL-6), brain-derived neurotrophic factor (BDNF) and signal transducer and activator of transcription 1, 91kDa, (STAT1) gene expression was observed in cells cultured on electrospun fibers as compared to PCL film. CD40 antigen and VGF nerve growth factor inducible (VGF) gene expressions were also significantly decreased in hSCs cultured on electrospun fibers, although these genes were not identified as significantly expressed via microarray analysis. Figure 6 shows the changes in gene expression of an immature Schwann cell marker, neural cell adhesion molecule 1 (NCAM-1), and myelin-specific proteins: peripheral myelin protein (PMP22), myelin protein zero (P0), myelin basic protein (MBP) and myelin-associated glycoprotein (MAG). A significant up-regulation of MAG and a significant down-regulation of NCAM-1 were observed in hSCs cultured on electrospun fibers. P0 was significantly upregulated in hSCs cultured on aligned PCL fibers.
DISCUSSION
Alignment of Schwann cells by microgrooves or micropatterned ECM molecules [15] [16] [17] are ways to imitate the formation of bands of Büngner in vitro. In vivo, nerve conduits seeded with aligned Schwann cells have been used [18, 19] . In all cases, Schwann cells are observed to elongate and align parallel to the long axes of the micropatterns or the nerve conduits. The main advantage of these aligned Schwann cells is the enhancement in the rate and extent of neurite elongation from dorsal root ganglia cultured on these aligned cells [19, 20] . Although these studies suggest the potential of contact guidance and Schwann cell alignment on enhancing nerve regeneration, the associated functional changes in Schwann cells have not been evaluated.
The effect of contact guidance on cell morphological changes is also evident in other cell types [21] [22] [23] . Functional changes corresponding to changes in cell morphology can range from apoptosis to proliferation, differentiation, contractility, rate of cell migration, and gene expression. [24] [25] [26] [27] . The cellular response and sensitivity towards growth factors and mitogens may also be altered. In general, cells respond to a particular topography in a unique manner [21, 28, 29] . A few studies have analyzed the gene or protein expression changes of fibroblasts [30, 31] , hepatocytes [32] and keratinocytes [33] in response to topographical cues, but none on human Schwann cells.
In this study, electrospun fibers were able to provide contact guidance to human Schwann cells. Although aligned fibers induced a more obvious alignment of cells, cells that were cultured on randomly-oriented fibers also appeared to respond to the topographic cues as shown in Figures  2d and 3d . As the length of a fiber between crosslinks in the random fibrous scaffold was still relatively long compared to the dimension of a Schwann cell, short-ranged topographic guidance was still possible. This partial alignment of cells may be the reason behind the similar gene expression changes observed in the two fibrous scaffolds. In contrast, Schwann cells cultured on PCL film, in the absence of topographical signals, adopted a random orientation and spread-out morphology similar to that observed on other two-dimensional smooth substrates [34] [35] [36] [37] .
During the electrospinning process, lower polymer concentration and polymer dispense rate were used for the fabrication of randomly-oriented PCL fibers. These parameters were obtained from a set of optimized conditions in order to fabricate fibers with diameters that were similar and in the same order of magnitude as the aligned fibers. The average diameters of aligned PCL fibers and randomly-oriented PCL fibers were φ = (1.03 ± 0.03) μm and φ = (2.26 ± 0.08) μm respectively. This variation is mainly attributed to the lower elongation forces experienced by the randomly-oriented fibers as they deposit onto a target that is rotating at a much slower speed. Due to the nature of the electrospinning process, it is difficult to achieve precise control over the diameter of the resulting fibers. The obtained fiber diameters were the closest that could be achieved in this study.
Although a small difference in average fiber diameter existed between the aligned and randomly-oriented fibers, we believe this is not a major contributor to the differing behaviour of the Schwann cells observed in this study. Yim et al. [38] studied the effects of the size of nanogratings on the alignment of smooth muscle cells. They demonstrated that the alignment of smooth muscle cells significantly differed only when the half pitch of the nanogratings was changed from 350nm to 2μm. Wen and Tresco [39] studied the effects of polypropylene filament diameter on neurite outgrowth and Schwann cell migration distance. They demonstrated that both neurite outgrowth and Schwann cell migration distance were significantly decreased as the diameters of the filament increased by two orders of magnitude, from 5μm to 200μm. The same study also illustrated that cellular behaviour was similar on filaments with diameters between 5μm to 100μm and that these observations were consistent with raw polypropylene filaments and filaments that were precoated with laminin or fibronectin. Taken together, these studies suggest that the small difference in fiber diameter in this study would not play a prominent role.
Evaluation of the CD40 and VGF genes was an attempt to test for false negatives in the microarray analysis. This is because, results from random experimental measurements would favor the null hypothesis that gene expressions are the same between sample groups [40] . Using the same argument along with the accurate validation of the trend in gene expression by realtime PCR analyses, Table 3 accurately lists the genes that were significantly altered on electrospun fibers. This table, however, is not exhaustive and other false negatives might have been missed.
Following nerve injury, denervated Schwann cells express higher levels of neurotrophic factors such as NGF, IL-6, LIF, BDNF, PTN and NT4/5 [41] due to the need to establish a more conducive microenvironment for the regeneration, maintenance and regulation of neuronal function [42, 43] . The fact that the gene expression of neurotrophic factors is generally downregulated on electrospun fibers in this study suggests that the seeded hSCs have adopted a more mature phenotype. The fibrous scaffolds may, therefore, be a better microenvironment for Schwann cell attachment and growth as compared to a two-dimensional film. Since it has been observed that few major quality differences exist in the molecular expression between Schwann cells in distal nerve stumps and Schwann cells cultured in vitro in the absence of neurons [44] , cultured Schwann cells may serve as a model of denervated Schwann cells in the distal stump of an injured nerve. Although we do not know if the relative levels of neurotrophic expression by seeded Schwann cells versus endogenous Schwann cells are comparable; we believe that the possible enhancement in the maturation of Schwann cells in contact with electrospun fibers as compared to a flat surface may thus be one of the reasons for the enhanced sciatic nerve regeneration observed in our previous study [9] .
In order to validate the enhancement of Schwann cell maturation by topographic cues from electrospun fibers, the expression of the following genes has been analyzed: MAG, P0, MBP, PMP22 and NCAM-1. The first four genes are myelin-specific genes and are significantly upregulated during Schwann cell myelination [45, 46] . NCAM-1, on the other hand, is associated with immature Schwann cells and mature non-myelinating cells and is often down-regulated during myelination [45] . Pro-myelinating Schwann cells also show up-regulation of MAG, P0 and MBP; and a down-regulation of NCAM-1 [46, 47] .
As MAG is an important promyelinogenic marker in Schwann cells [47] and an early marker for myelin-differentiation [41] , the significant up-regulation of MAG expression in hSCs cultured on electrospun fibers indicates the efficacy of these fibers in driving hSCs towards the pro-myelinating state. Since P0 and MBP are later gene products of myelin-differentiation [41] and PMP22 is associated with myelin formation, the general lack of differences in gene expression between the two-dimensional film and electrospun fibers is not unexpected. The more significant up-regulation of P0 in hSCs cultured on aligned fibers, however, seems to suggest that the alignment and elongation of hSCs on aligned fibers could promote the maturation of hSCs more than the randomly oriented fibers.
Schwann cell differentiation signals do not come solely from soluble biochemical signals, but also from the extracellular matrix [46] . Progression towards myelin formation requires signals from the basement membrane. Although the exact mechanism behind the pro-myelination of Schwann cells by the ECM is unknown, it is possible that integrins may interact with the cytoskeleton or regulate myelin-related gene expressions [46] . As shown in this study, hSCs were directed towards the pro-myelinating state by topographic cues from electrospun fibers. While the exact mechanism relating the changes in cell morphology to gene expression changes remains unknown, electrospun scaffolds, particularly scaffolds with aligned fibers show potential in promoting the maturation of Schwann cells. These scaffolds may, therefore, be an attractive platform for cell transplantation application, where cells may be primed towards the pro-myelinating stage prior to transplantation. This control over the differentiation of Schwann cells may help improve the outcome of cell-based approaches to cure demyelinated lesions.
CONCLUSIONS
The effects of contact guidance provided by electrospun fibrous scaffolds on the functional changes in human Schwann cells were evaluated in this study. hSCs adopted a spread-out morphology on PCL films. On random PCL fibers, they were randomly oriented, but stretched across multiple electrospun fibers and elongated along the fiber axes. In contrast, when cultured on aligned fibers, all cells aligned and elongated unidirectionally along the fiber axes. Decrease in expression of neurotrophin and neurotrophic receptors from cells cultured on electrospun fibers suggested a more mature phenotype adopted by the hSCs. This conclusion was further supported by the up-regulation in MAG and down-regulation in NCAM-1 expressions. Aligned electrospun fibers appeared to enhance Schwann cell maturation more than randomly-oriented fibers, as suggested by the more significant up-regulation of P0 expression. Such electrospun scaffolds may be an interesting platform for transplantation of 'primed' cells for the treatment of demyelinating lesions or for enhancing peripheral nerve regeneration. Confocal fluorescent images of human Schwann cells cultured on PCL scaffolds for 3 days (a, c and f) and 7 days (b, e and h). a) and b) PCL film; c), d) and e) randomly oriented PCL fibers; and f), g) and h) aligned PCL electrospun fibers, arrows depict directions of fiber alignment. d) and g) fluorescent-light images overlay. Green: actin cytoskeleton, blue: DAPI. Gene expression of cells cultured on aligned PCL fibers (A) and randomly-oriented PCL fibers (R). Results were normalized against gene expression of cells cultured on PCL film and indicated the percentage of genes on the microarray that was down-regulated on electrospun scaffolds, unless otherwise stated. The total number of genes analyzed on the microarray was 101. Real-time PCR results of selected genes from microarray. * p < 0.05; ** p < 0.01; t-test between electrospun fibers and film samples; n=3. Real-time PCR results of myelin specific genes and immature Schwann cell marker, NCAM 1. Results are normalized with respect to film sample and suggest a possible enhancement in maturation of human Schwann cells cultured on electrospun fibers. * p < 0.05; ** p < 0.01, ttest between electrospun fibers and film samples; n=3. Table 1 Real-time PCR primer sequences of selected genes from microarray. Table 2 Real-time PCR primer sequences of myelin specific proteins and immature Schwann cell marker. 
